of FcεRI (3, 4) . This activation signal initiates cascades leading to degranulation and cytokine release, which further contribute to the development and maintenance of allergic inflammation (5) . Inhibition of the IgE-mast cell pathway is described to improve asthma (1) .
Spleen tyrosine kinase (Syk) plays an essential role in the signal-transduction cascade initiated after FcεRI aggregation as shown in Syk-deficient mast cells, which are defective in receptorinduced degranulation, cytokine synthesis, and intracellular signaling-pathway activation (6) (7) (8) . Piceatannol, a Syk inhibitor, inhibited allergen-induced anaphylactic contraction of isolated guinea pig bronchi and the release of histamine and peptidoleukotrienes from lung preparations (9) . Furthermore, Yamamoto and colleagues (10) demonstrated that an orally available Syk inhibitor was effective in reducing allergic inflammation and bronchoconstriction in rats. On the basis of these findings, Syk inhibition could be an important target for preventing allergeninduced airway inflammation, which leads to AHR.
In this study, we show the effects of a specific Syk kinase inhibitor in preventing mast cell activation, degranulation, and cytokine production in vitro as well as inhibiting the development of mast cell-dependent AHR and airway inflammation in vivo. To evaluate this compound on AHR, we used an allergen challenge protocol in which mice were challenged repeatedly with allergen via the airways without the use of an adjuvant (11) or were passively sensitized with IgE specific for ovalbumin (OVA) and then exposed to limited airway challenge (12, 13) . AHR development in these models was previously demonstrated to be dependent on IgE, FcεRI, and mast cells (12) . Some of the results of these studies have been previously reported in the form of an abstract (14) .
METHODS

Animals and Cells
Female BALB/c mice (Jackson Laboratories, Bar Harbor, ME), 8 to 12 wk of age, were maintained on an OVA-free diet. All experimental animals used in this study were under a protocol approved by the Institutional Animal Care and Use Committee of the National Jewish Medical and Research Center.
To obtain bone marrow-derived mast cells (BMMCs), bone marrow cells taken from mouse femurs were incubated in Iscove's modified Dulbecco's medium plus 10% fetal calf serum, 1% interleukin (IL)-3 conditioned medium, 2% stem cell factor-conditioned medium, 50 M 2-mercaptoethanol, 2 mM glutamine, 100 g/ml streptomycin, and 100 U/ml penicillin for 4 to 6 wk as described (12) . FcεRI and c-kit expression levels were determined by flow cytometry to assess mast cell purity, which exceeded 95%.
R406
The small molecule R406 was identified as a potent inhibitor of FcεRI-dependent mast cell activation (EC50 ϭ 43 nM) using cell-based structure-activity relationships with primary human mast cells. The primary target for R406 was found to be Syk. R406 is an ATP-competitive inhibitor of Syk activity (Ki ϭ 30 nM). In BMMCs activated by FcεRI cross-linking, R406 inhibited the phosphorylation of linker for activation of T-cell tyrosine residue Y191 (a Syk substrate) about 50-fold more potently than the phosphorylation of Syk itself, which is phosphorylated by Lyn kinase (Figure 1 ). In addition, R406 was selective as assessed using a panel of cell-based assays representing both specific and general signaling pathways (E.S. Masuda, manuscript in preparation).
Degranulation Assay
BMMCs were incubated overnight at approximately 5 ϫ 10 6 cells/ml together with 500 ng/ml of anti-OVA IgE (13) 
Detection of Cytokines and Leukotriene B4
BMMCs (5 ϫ 10 6 cells/ml) were incubated with 500 ng/ml of anti-OVA IgE overnight and washed twice with prewarmed completed medium. The cells were then treated with R406 at the concentration indicated for 1 h before addition of OVA; cells were cultured together with OVA (10 g/ml) for 24 h in the presence of R406. The supernatants were collected, and secreted IL-2, IL-6, IL-13, and tumor necrosis factor (TNF)-␣ levels were determined using a murine-specific ELISA detection kit (R&D Systems, Minneapolis, MN). For leukotriene B4 (LTB4) assays, BMMC were treated in a similar fashion and culture supernates were obtained after 1 h culture with OVA. LTB4 levels were assayed by ELISA (R&D Systems).
Immunoblotting for Mitogen-activated Protein Kinases
BMMCs were passively sensitized with OVA-specific IgE antibodies after incubation at 37ЊC overnight and washed twice with prewarmed completed medium. Cells were then treated with R406 for 1 h before addition of OVA for 15 min. BMMC were harvested by centrifugation at 500 ϫ g for 5 min at 4ЊC. Cell pellets were lysed with lysis buffer (20 mM Tris-HCl, pH 7.6; 0.5% Nonidet P-40; 0.25 M sodium chloride; 3 mM ethylenediaminetetraacetic acid; 3 mM ethyleneglycol-bis-(␤-aminoethyl ether)-N,NЈ-tetraacetic acid, 1 mM phenylmethylsulfonyl fluoride, 2 mM sodium orthovanadate, 20 g/ml aprotinin, 5 g/ml leupeptin, 1 mM dithiothreitol). Cell lysates were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and blotted onto polyvinylidene fluoride membranes. Anti-phospho-extracellular-regulated kinase (ERK)1/2 and p38 antibodies (Cell Signaling Technology of New England Biolabs, Beverly, MA), anti-phospho-c-Jun-N-terminal kinase (JNK)1/2 antibodies (BD Biosciences, Mississauga, ON, Canada), anti-ERK5 serum and anti-ERK1/2 antibodies (Sigma), and anti-JNK1/2 and p38 antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) were used for blotting procedures as described (15, 16) . The membranes were blotted with phospho-antibody; membranes were stripped and reprobed with specific antibody.
Mast Cell-dependent AHR in OVA-exposed mice Experimental groups consisted of four mice per group and each experiment was performed at least twice. Mice were exposed to OVA (Sigma) exclusively via the airways on 10 consecutive d as described previously (11) . Briefly, a solution of 0.9% saline (control) or endotoxin-depleted 1% OVA solution was delivered by ultrasonic nebulization (Omron, Kyoto, Japan) for 20 min daily over 10 consecutive d in a closed chamber. Forty-eight hours after the last airway challenge, AHR was assessed by measuring airway smooth muscle (tracheal rings) responsiveness to electric field stimulation (EFS), as described previously (11) . The response to EFS has been shown to reflect increased acetylcholine release in allergen-exposed mice secondary to M2 (muscarinic 2) receptor dysfunction (11) . In this 10-d allergen-exposure protocol, in the absence of systemic sensitization AHR to inhaled methacholine does not develop, necessitating this approach to monitor altered airway function (12) . EFS with an increasing frequency from 0.5 to 30 Hz was applied, and the contractions were measured. The duration of the stimulation was 1 ms. ES 50 , the frequency resulting in 50% of the maximal contraction, was calculated from linear plots for each individual animal and was compared between the groups.
R406 dissolved in 35% tocopheryl polyethylene glycol 1000 succinate, 60% polyethylene glycol 400, and 5% propylene glycol at a volume of 5 ml/kg body weight was administered orally, twice daily, beginning 1 d before the first OVA inhalation and continuing to 1 d before the tracheal ring assay.
Passive Sensitization with Monoclonal Anti-OVA IgE Antibodies and Airway Challenge with Aerosolized OVA
Mice were passively sensitized with anti-OVA IgE antibody as previously described (13) . Briefly, mice received an intravenous injection of 2 g of anti-OVA IgE antibody in a total volume of 100 l on Days 0 and 1, and then challenged via the airways, using nebulized OVA (1% in 0.9% saline), with an ultrasonic nebulizer for 20 min daily on Days 4 and 5. On Day 7, AHR was assessed as tracheal smooth muscle responsiveness to EFS. R406 or vehicle was administered orally twice daily starting 1 d before the first OVA inhalation and continuing to 1 d before the tracheal ring assay.
Histopathologic Examination
Lungs were fixed after inflation and immersion in 10% formalin. Cells containing eosinophilic major basic protein (MBP) were identified by immunohistochemical staining as previously described (17) using rabbit anti-mouse MBP (provided by Dr. J. J. Lee, Mayo Clinic, Scottsdale, AZ). The slides were examined in a blinded fashion with a Nikon microscope (Melville, NY) equipped with a fluorescein filter system. For detection of mucus-containing cells in formalin-fixed airway tissue, sections were stained with periodic acid-Schiff (PAS) and were quantitated as previously described (17) .
Data Analysis
Multiple comparison analyses of levels of differences between experimental groups and control conditions were performed by one-way analysis of variance using Fisher's protected least significant difference test. Values for all measurements were expressed as the mean Ϯ SEM.
RESULTS
Effect of R406 on OVA-induced Mast Cell Activation In Vitro
To assess the effect of the inhibitor R406 on mast cell activation, OVA-induced serotonin, LTB4, and cytokine release from OVAIgE passively sensitized BMMCs was assayed. Thirty minutes after addition of OVA to IgE-sensitized BMMCs, [ 3 H]-serotonin was significantly increased in cell supernates (Figure 2A ) as was LTB4 ( Figure 2B ). R406 inhibited [ 3 H]-serotonin and LTB4 release from BMMCs in a dose-dependent manner.
Mast cells have the ability to synthesize and secrete an array of cytokines that are likely involved in the development of allergic disease (5) . To determine the effect of R406 on cytokine release from activated BMMCs, we assayed levels of IL-2, IL-6, IL-13, and TNF-␣ in supernates from cultured BMMCs. All cytokines were increased in OVA-challenged IgE-sensitized BMMCs, whereas there was little spontaneous release from sensitized BMMCs in the absence of OVA (Figure 3 ). R406 dosedependently inhibited the production of cytokines after OVA challenge over a wide dose range. Complete inhibition was achieved between 0.01-0.1 M.
These and subsequent results were not due to R406 cytotoxicity as up to 3 M of the drug showed no increase in trypan blue staining of the cells above vehicle control, and at 10 M, only 5-10% of the cells stained with trypan blue.
Mitogen-activated Protein Kinase Activation in Response to FcεRI Ligation
Mitogen-activated protein kinase (MAPK) phosphorylation is involved in FcεRI-mediated mast cell activation and the MAPKs are downstream of Syk activation (8) . To investigate if the Syk inhibitor suppresses MAPK activation, we treated BMMCs with OVA and subjected the lysates to sodium dodecyl sulfatepolyacrylamide gel electrophoresis and immunoblotting with total and phosphor-specific ERK1/2, JNK1/2, p38 MAPK, and ERK5 antibody. As shown in Figure 4 , ERK1/2, JNK1/2, ERK5, and p38 were phosphorylated 15 min after OVA cross-linking of IgE-sensitized BMMCs. R406 dose-dependently inhibited the phosphorylation of ERK1/2, JNK1/2, and ERK5, but had little effect on p38 (Figure 4) .
Effect of R406 on AHR Induced by 10-d OVA Exposure without Adjuvant
To assess the effect of R406 on allergen-induced AHR, we evaluated the compound using a 10-d OVA-exposure model to induce AHR. This model in the absence of adjuvant requires IgE, mast cells, and expression of FcεRI (11, 12) . AHR was detected as a change in the contractile response of tracheal smooth muscle rings to EFS. These effects did not appear to be due to differences in mast cell survival induced by R406 as the number of mast cells, identified in lung sections by Astra blue staining, did not vary between vehicle-and R406-treated mice at the 3-and 30-mg/kg dose (data not shown).
Lung Inflammation and Goblet Cell Metaplasia after 10-d OVA Inhalation
Ten days of repeated OVA exposure led to little increase in inflammatory cells in the bronchoalveolar lavage (BAL) fluid but more in the lung tissue. Eosinophil accumulation in the lung was assessed using immunohistochemistry and staining with anti-MBP. In the 10-d OVA-challenged control, eosinophil infiltration was increased compared with the 10-d saline group ( Figure  6A ). Eosinophil accumulation in the lung was markedly decreased in the group treated with R406 at doses of 3 and 30 mg/kg, whereas vehicle treatment had no influence on the accumulation of eosinophils ( Figure 6B ).
The bronchial epithelium in the 10-d saline group contained few PAS-positive staining cells ( Figure 7A ). Repeated exposure to OVA via the airways for 10 d increased the numbers of PASpositive cells ( Figure 7B ). Whereas vehicle treatment had no effect on the number of PAS-positive cells, treatment with R406 decreased the number at 3 mg/kg, twice a day, and the cells were not detectable after treatment with 30 mg/kg, twice a day.
Effect of R406 on AHR Induced by OVA Challenge in Passively Sensitized Mice
Oshiba and colleagues previously showed that mice passively sensitized with specific IgE in vivo developed AHR after two airway exposures to the allergen (13) . This approach further confirmed the critical role of IgE, FcεRI, and mast cells in altering EFS responses (12) . ES 50 values were significantly decreased in OVA-exposed, vehicle-treated mice compared with salineexposed, vehicle-treated mice (Figure 8 ). R406 prevented (in a dose-dependent manner) the decreases in ES 50 , restoring the responses to levels observed with the saline exposure group at the doses of 3 and 30 mg/kg (Figure 8 ).
DISCUSSION
Anti-IgE has recently been approved for the treatment of severe asthma (18), but issues surrounding protein therapies, including tolerization and immunogenicity, remain. Therefore, small compounds for inhibiting IgE-FcεRI signaling are still being actively investigated. In this study, we demonstrated the potency of an oral Syk inhibitor, R406, in inhibiting antigen-induced mast cell activation, degranulation, and cytokine production, as well as in preventing airway inflammation and suppressing allergeninduced AHR. These data add to the growing body of literature of the importance of Syk in the development of allergic airway inflammation (8) (9) (10) 19) . In a dose-dependent manner, R406 prevented development of AHR induced by 10 consecutive d of OVA exposure. Using this protocol, we previously showed that the development of AHR required IgE, mast cell activation, and expression of FcεRI (12) . After aggregation of FcεRI by multivalent allergen, signaling through the receptor is initiated. The pathways may be distinct for degranulation and cytokine production (15), but upstream of both, Syk activation appears to be essential (20) . Evidence for the role of Syk and the activity of the inhibitor R406 was confirmed at several levels. First, using BMMCs activated through FcεRI, the inhibitor suppressed mast cell degranulation and cytokine production. Incubation of the production appeared to be more sensitive to the inhibitor than degranulation.
The assays are certainly different as are the pathways activated through Syk that appear to be necessary for degranulation as opposed to cytokine production. In the former, a role for mitogenactivated protein/ERK1 kinase (MEK1)-ERK1/2 has been defined (15, 16, 21, 22) . Inhibition of ERK1/2 activation by MEK1 inhibitors interferes with the degranulation response (15, 16, 
21-23).
Cytokine transcriptional regulation appears dependent on the activation of MEK kinase 2 (MEKK2)-MEK5-ERK5 with perhaps some amplification through an MEKK2-c-Jun N-terminal kinase (JNK) pathway. ERK1/2 does not appear to be involved in this pathway, nor does phosphorylation of p38. These MAPK pathways were examined after mast cell activation through FcεRI. In a dose-dependent manner, the Syk inhibitor decreased the phosphorylation of ERK1/2, JNK1/JNK2, and ERK5. p38 phosphorylation was unaffected. These data confirm and extend the results in Syk-deficient mice where mast cell degranulation and cytokine production were significantly reduced (19) .
Syk is expressed in mast cells (24, 25) , macrophages (26, 27) , B cells (28, 29) , neutrophils (30) , and dendritic cells (31) ; all of these cells may be activated in allergen-induced airway inflammation. The one cell important in the development of airway inflammation and AHR that does not use Syk is the T lymphocyte. Thus, in addition to targeting mast cells, and because of its widespread distribution, Syk is considered to be a good target for the treatment of allergic diseases without strong immunosuppression. This possibility was tested in a mast cell-dependent mouse model of allergen-induced AHR and airway inflammation. In most rodent models of allergen-induced AHR, the animals are sensitized systemically by injection of the allergen together with adjuvant, such as alum, and then challenged via the airways (32) (33) (34) (35) . In these protocols using systemic sensitization with adjuvant, marked inflammatory changes develop in the lung, high serum levels of allergen-specific immunoglobulins are induced, and increased airway reactivity to inhaled spasmogen develop as well as goblet cell hyperplasia. These lung-based allergic responses develop normally in mice that are mast cell deficient (36) or antibody deficient (34) , excluding a critical role for IgE and mast cells in their development in this approach.
In the present study, mice were exposed to a less potent exposure protocol using aerosolized allergen alone in the absence of adjuvant. After 10-d allergen exposure, the mice developed altered airway responsiveness, detected as heightened responsiveness of tracheal smooth muscle rings to EFS. This response has been associated with muscarinic acetylcholine receptor-2 dysfunction and increased acetylcholine release (37) . This increase in responsiveness after allergen exposure was prevented by R406. This protocol also results in only modest airway inflammation and less goblet cell hyperplasia than is seen after systemic sensitization. Nevertheless, eosinophil accumulation in the lung after the 10-d OVA exposure protocol could be detected using MBP staining of lung sections. Administration of the Syk inhibitor twice daily was effective in preventing this eosinophil accumulation in the lung. Furthermore, we could detect PASpositive cells identifying goblet cell metaplasia after 10-d allergen exposure, and the Syk inhibitor also prevented the appearance of PAS-positive cells in the airway epithelium. These results effectively demonstrate that the Syk inhibitor inhibited not only AHR but also lung inflammation, pulmonary eosinophilia, and goblet cell hyperplasia.
Virtually identical results were obtained when mice were passively sensitized in vivo with OVA-specific IgE and exposed to only 2 d of aerosolized allergen challenge. In this IgE-mast cell-FcεRI-dependent model (12) , R406 also prevented the development of the heightened response to EFS, confirming the effectiveness of targeting Syk in these responses. Whether the effects of inhibiting Syk are being manifested in cells other than mast cells in these responses cannot be ruled out at this time because of the expression of Syk in many cell types that may be involved in the development of AHR (B cells, dendritic cells, eosinophils). The passive sensitization model certainly bypasses the need for endogenous IgE production by B lymphocytes, a cell whose function is highly dependent on Syk activation (20) .
Mast cells can release many mediators during the degranulation response as well as cytokines after transcription and translation and enhance airway reactivity and inflammation (38) (39) (40) . Among the cytokines released from mast cells, IL-13 has been shown to play a major role in eosinophil recruitment and mucin hyperproduction and goblet cell metaplasia (41, 42) . In the models used in this study, 10-d OVA exposure or passive sensitization, we have shown that, although mast cells are essential, mast cell-derived IL-13 may not be essential (12) . Indeed, recent data suggest that it is perhaps mast cell-derived LTB4 that may be essential to the IL-13 release from other cells (43) . LTB4, interacting with its specific receptor BLT1 on a subset of IL-13-secreting CD8 ϩ T cells, may be responsible for the recruitment to the lung and activation of this subset in the lungs and the development of AHR and airway inflammation (44, 45) . Thus, R406, in preventing the mast cell degranulation response and the release of LTB4, could be preventing the accumulation of CD8 ϩ T effector cells in the lung and hence the failure to develop AHR and airway inflammation. Studies are currently underway examining this potentially important action of R406.
In summary, Syk activation is an important convergence point in the pathways activated through FcεRI, regulating both degranulation and cytokine production. Targeting of Syk effectively prevented the development of AHR and airway inflammation in model approaches that are dependent on IgE, mast cells, and FcεRI. In this way, Syk inhibition may represent an important therapeutic avenue for the treatment of allergic asthma.
